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Introduction
There is an increased demand for improved material models and their input data when modelling metallic materials under static and dynamic loads. Table 1 provides examples of physical processes and applications and the strain rates associated with the material deformation. 
A c c e p t e d m a n u s c r i p t
It should be kept in mind, that in many cases the strain rates given in Table 1 are the values for the beginning of the deformation processes. Even for ballistic events, the strain rates involved may reduce to quasistatic values in the case of non perforation. Therefore, the knowledge of exact model parameters over a wide range of strain rates is absolutely necessary.
There are a great number of constitutive equations available that have been proposed to describe the plastic behaviour of metallic materials as a function of strain rate and temperature. Their objective is to collapse experimental data into one single equation. In this context, a useful model is the Johnson-Cook strength model [12] . In [12] also the way is presented in which the JohnsonCook model parameters are determined at strain rates ranging from quasistatic to about 400 s -1 . In recent years, there was much discussion about the applicability of this equation for the highest strain rates, and thus, various strength models have been developed [e.g. 8, 10, 11, 12, 21, 25, 26, 27, 31] . In this context, some modified versions of the original Johnson-Cook equation have been proposed as well [11, 25] . These strength models differ mainly in the predicted high-strain-rate behaviour especially for strain rates above 10 3 s -1 to 10 4 s -1 . The significant difference shows that there is definitely a need for a throughout characterisation of all materials which are exposed to such highly dynamic processes. In this paper, a systematic combination of quasistatic standard tests with enhanced dynamic and high dynamic test methods is presented which have allowed the determination of the strain rate dependency of the yield stress in a strain rate range over 10 orders of magnitude (5 x 10 -5 to 2.7 x 10 5 s -1 ) for the investigated tungsten-sintered alloy. The tungsten alloy is representative of materials used for high-density, long-rod projectiles and consists of 92.5 % W, 4.85 % Ni, 1.15 % Fe, and 1.5 % Co. In particular, projectiles made from Hertel-Kennametal material were used in a suite of combined yaw-obliquity experiments reported by Behner et al. [1] .
Experimental test programmes

Tensile tests
A standard testing machine was used to conduct tensile tests at different strain rates and one elevated temperature (Fig. 1) . The local true stress true σ and true strain true ε values were obtained from the measured stress tech σ and strain tech ε using text book analyses methods.
The force F and the elongation were measured using a load cell and a strain gage, respectively. The true stress at failure was determined from the cross-sectional area A 1 of the specimen after failure and the load (force) at failure. The true strain at failure was determined according to ε true = ln(A 0 /A 1 ). By interpolating between the values at the end of the range measured by strain gages which is limited due to the failure of the strain gages at about 5 % strain and the value at failure of the specimen (dotted line), the entire true stress-strain curve has been constructed. The material properties deduced from the tensile tests are listed in Table 2 . The data show that even for the small increase in the strain rate by a factor of two an increase in the stress at failure is evident.
A typical tensile sample from the WSA material and for comparison a typical steel sample [2] exhibiting considerable necking are displayed. In contrast to steel, all WSA samples show no sign of necking at all. Thus, the stress state is uniaxial up to the strain at fracture for the WSA and no corrections with respect to triaxiality (e.g. Bridgman [3] ) were necessary. m a n u s c r i p t 
Modified Taylor-Impact tests
The investigation of the strain rate behaviour in the high strain rate regime was done by a modified Taylor-Impact test using the VISAR technique (invented by Barker and Hollenbach [4] ). An extensive description of this technique can be found in Rohr et al. [2, 6] .
The experimental setup used is shown schematically in Fig. 3 . A steel projectile is accelerated in a single stage gas gun to velocities up to 354 m/s. The projectile then impacts the sample mounted at the end of the gun barrel. The impact velocity is measured using short circuiting pins. The bore diameter of the gun barrel is 70 mm. The cylindrical WSA samples have a length of 50 mm and a diameter of 5 mm (L/D = 10). To avoid plastic deformation, the projectile (i.e. the Taylor anvil) is made of hardened C45 steel (750 HV10). At the rear surface of the sample, the free-surface velocity vs. time profile is measured with a time resolution of 20 ns using a VISAR (Barker [4] ). Following the one-dimensional theory given by von Karman [7] , which describes the material response of rods impacted to loads above the elastic limit, a two-wave structure of the compression wave induced into the sample rod is assumed (von Karman [7] , e.g. Zukas [8] ). First, an elastic wave propagates along the rod with the longitudinal velocity c L (= 4405 m/s for WSA), which stresses the material up to the yield point. This elastic wave is followed by a plastic wave with a propagation velocity v pl <<c L . This wave plastically deforms the material. So, at a certain time interval after impact, three sample areas can be distinguished:
1. the section stressed to the elastic limit by the elastic wave, 2. the section heavily deformed by the plastic wave, and 3. an intermediate area between both sections which is affected by varying stress, strain and propagation velocity.
m a n u s c r i p t
The elastic wave accelerates the material and is totally reflected at the free end of the sample rod. The reflected wave propagates back into the sample as a pressure release wave and reduces the pressure stress in the sample to nearly zero. When this release wave reaches the elastic-plastic boundary, a part of the plastic wave will propagate as a new elastic wave into the sample rod because this part of the rod is free of stress at this time. This elastic wave again propagates with the longitudinal sound velocity c L . As a result of the wave reflection at the rear side of the sample and the generation of new elastic waves at the elastic-plastic boundary, the material of the rod is accelerated stepwise to higher velocities. This is measured as a stepwise increase of the freesurface velocity fs u and is shown schematically in Fig. 4 for an impact from left to right. The determination of the material properties from the measured velocity-time curves is based on the following equations according to Kolsky [9] :
Yield stress:
with the free-surface velocity increase
at the rear side of the sample.
Strain (
Strain rate at yield point:
The original velocity-time curves measured at the rear side of the cylindrical targets for impact velocities between 195 m/s and 354 m/s are shown in Fig. 5 . All curves clearly show the stepwise increase described above. Due to dispersion effects, the contour of the steps smears out with subsequent reflections. The slightly reduced slope of the measured v-t curves for the tests at 291 m/s and 354 m/s can be attributed to the erosion process of the tip of the rods. Due to release waves generated at fracture surfaces and propagating along the sample, erosion typically reduces the particle velocity and thus the measured free-surface velocity. Fig. 6 shows the deformed samples. Sample 2587 is bent due to a second impact. The yield stress, strain, strain rate and particle velocity, determined according to Eqs.
(1) to (3) are listed in Table 3 .
Compared to the common Taylor-Impact test analysis given by Taylor [10] , the use of the VISAR offers some major advantages. The dynamic material data are determined from the velocity-time history, which is recorded with a typical time resolution of 20 ns. The yield strength determined from a standard Taylor test is influenced by all strain rates ranging from
Only data recorded during the deformation process -and not from the distorted post-test sample -allow a definite correlation between yield strength and strain rate. Additional advantages of this test method arise when it is combined with numerical simulations (Rohr et al. [6] , see Chapter 3). m a n u s c r i p t Enhanced validation calculations of the conducted tests can be done since the diagnostics provide a velocity-time signal in addition to the final shape of the specimen. These can be used for a better development and validation of material models for numerical simulations.
Planar-Plate-Impact tests (PPI)
The technique used to determine the material properties at strain rates dt d / ε >10 5 s -1 was the Planar-Plate-Impact test in combination with the VISAR technique, which is described in more detail in Barker et al. [4] , Nahme et al. [5] , Arnold [11] . The experimental setup is shown in Fig. 7 . Plane parallel samples of 2 mm thickness were impacted by 1 mm thick plane parallel projectile plates at velocities between 416 m/s and 1174 m/s. As in the case of the modified Taylor-Impact tests, the projectile plates were accelerated by means of a single stage gas gun, operated as compressed air gun for impact velocities below 500 m/s and as a powder gun for velocities above 500 m/s. Fig. 8 shows the velocity profiles from the plate impact tests at different impact velocities. Time resolution of the tests was 2 ns/point. The dynamic material data were determined from the velocity curves using standard data reduction methods described in detail by Rohr et al. [2] . From the measured velocity-time profiles within the accuracy of the measurements the same strain rate of 2.7 x 10 5 s -1 for the elastic deformation and a Hugoniot-Elastic-Limit (σ HEL ) of 2.51 ± 0.13 GPa have been determined for all tests. This dynamic yield stress for three dimensional stress state conditions has been transformed to one dimensional Y σ -data using the relation
given by Jones [13] with a Poisson ratio ν of 0.28 for this tungsten-sintered alloy. The Poisson ratio has been calculated from Young's modulus determined from the quasistatic tension tests and the measured wave velocities using the relations between the moduli and the wave velocities as presented in Kohlrausch [34] .
The spall strength shows a quite large variation of 2.3 GPa<σ sp <4.6 GPa and no clear dependency on the impact velocity is visible. So, an average spall strength of 3.5 GPa was used for the numerical simulations described in the following section. 
T T =
. B and n represent the effect of strain hardening. C is the strain rate constant and m characterises the thermal softening. The determination of the Johnson-Cook model parameters is described for a range of strain rates from quasistatic to about 400 s -1 in [15] . In recent years there has been much controversial discussion (e.g. [8, 20] ) whether this equation represents the correct material behaviour for the highest strain rates. Indeed, Johnson et al. [16] included a high-strain-rate modification to capture the high-rate response for a high-strength steel. Many different constitutive equations, some of which are microstructurally based, have been developed and can be found in literature e.g. Refs. [17 to 24] . A comparison between the Johnson-Cook model and the Zerilli-Armstrong model is presented in Dey et al. [33] . In addition, for strain rates above a few 10 3 s -1 , data from Hopkinsonbar experiments -the most widely used test method for the determination of dynamic material data -become questionable [21, 25] , and other methods suitable for high strain rates should be used [2, 6] .
Nevertheless, the Johnson-Cook model is widely used; thus, Johnson-Cook constitutive parameters are determined from the experimental data. The material characterisation procedure, as described in [2] for a German armour steel, is applied to the WSA and permits a determination of the Johnson-Cook strength model parameters. The procedure and the results for WSA material are presented in the following subsections.
Determination of Johnson-Cook model parameters
Combining the results of tensile tests, modified Taylor-Impact tests and Planar-Plate-Impact tests, we have determined the yield stress-strain rate dependence covering a strain rate range of 10 orders of magnitude (Fig. 9) . In addition to the data for the WSA, also the yield stress-strain rate dependency of German armour steel taken from Ref. [2] is shown. In contrast to the steel, the WSA investigated here can be described very well using a linear behaviour on a logarithmic strain rate scale as it is shown in Fig. 9 . Thus, as far as the yield stress dependency is concerned, the Johnson-Cook model is applicable to describe this material behaviour, and no modification of the model as described e.g. in [32] has to be used for WSA. From the logarithmic fit to the data the Johnson-Cook parameters A and C have been deduced as given in Table 4 . In Fig. 10 the true stress-strain curves for (exemplarily) three different strain rates (2 x 10 -1 s -1 , 1 x 10 -2 s -1 , 8 x 10 -4 s -1 ) and the high temperature data are shown. It can be seen that the stressstrain curves clearly depend on the strain rate. At lower strain rates, the true stress-strain curve exhibits a definite strain hardening, whereas at higher strain rates, the stress-strain curve shows a more elastic-ideal-plastic behaviour with very little strain hardening, which is typical of high hardened materials. In contrast to the yield stress-strain rate dependency, this behaviour cannot exactly be described by the Johnson-Cook model. Nevertheless, to determine the best fit, the stress-strain curves were fitted to represent the elastic-ideal-plastic material behaviour at higher strain rates as shown in Fig. 10 . This seems appropriate because 1) this elastic-ideal-plastic behaviour is expected at higher strain rates, 2) generally, the amount of strain hardening of the tungsten alloy is very small compared to the strain independent yield stress. The Johnson-Cook parameters for the tungsten-sintered alloy are given in Table 4 . 
Equation of state (EOS)
To characterise the plastic material behaviour at high pressures typical for highly dynamic processes, a relation between the hydrostatic pressure p, the local density ρ (or specific volume) and local specific energy e (or temperature) is needed. This relation is known as equation of state (EOS). Theoretically, an EOS can be determined from the thermodynamic properties of the material and ideally should not require dynamic data. In practice, however, the way to establish an EOS is to perform well-characterised dynamic experiments. It is important to recognise that, since the relationship is required for the use in a numerical code, an analytic form gives computational efficiency. Such an analytic form is at best an approximation to the true relationship. m a n u s c r i p t
The most commonly used reference curve to establish a Mie-Grueneisen equation of state for solid materials is the shock Hugoniot. The Rankine-Hugoniot equations for shock conditions can be regarded as defining a relation between any pair of the variables ρ, p, e, the particle velocity p u and the shock velocity s U . In many dynamic experiments measuring p u and S U , it has been found that for most solids and many liquids an empirical linear relationship (Fig. 11) . 
Other material properties
The aim of the work presented here is not the modelling of fracture behaviour of WSA. Several more or less complex models can be found in literature (e.g. Johnson et al. [31] ) where more or less complex tests (e.g. tensile tests with different notched specimen) have to be done. Due to the fact that the focus in this paper lies on the experimental results and strength modelling for a wide strain rate range, only a simple approach for modelling material failure is used where failure is initiated if any one of the maximum tensile principal stress or tensile strain in principal stress direction exceeds its specific limit. With this simple approach, the failure which occurs in the Taylor-Impact tests and spall failure in Planar-Plate-Impact tests can be reproduced. The failure model parameters for numerical simulations were deduced from the failure strains at low strain rates at 300 K and 827 K (Fig. 12) and from the spall strength determined with the Planar-Plate-Impact tests. Despite a large variation in the data, there is a decreasing failure strain with increasing strain rate. Extrapolating the logarithmic fit of Fig. 12 results in a very low failure strain (around 5 %) at strain rates between 10 3 s -1 and 10 4 s -1 . Nevertheless, the numerical simulations of the modified Taylor-Impact tests have shown, that a mean value of 5 % failure A c c e p t e d m a n u s c r i p t strain is much too low. To yield good agreement between experimental and numerical results, a failure strain of 120 % was necessary. The presumption is a stress state dependent behaviour of the WSA as it has been shown for several materials previously (e.g. [31] ). This behaviour is characterised by high failure strains (above 100 %) in the hydrostatic regime and low failure strains for positive states of stress triaxiality. As mentioned above, a simple tensile-failure criterion with a value of 3500 MPa for tensile failure was used to model the spallation. 3500 MPa was simply taken as the mean value of the measured spall stresses in chapter 2.3. Other important material properties provided by the manufacturer of the WSA or having been determined for the WSA are given in Table 5 . The friction coefficient was estimated according to Kuchling [30] . 
Simulation of modified Taylor-Impact tests
All simulations were carried out using the two-dimensional hydrocode AUTODYN-2D [27] , and Lagrangian coordinates were used to describe both the projectile and the target. Due to the fact that 1) with the exception of the parameter C all other parameters of the JC model have been m a n u s c r i p t deduced from tensile tests and 2) the determination of the parameter C is independent of the modified Taylor-Impact test data (because of the logarithmic slope of the fit presented in Fig. 9 ), validation calculations to check the elastic-plastic behaviour of the material which is represented by the Johnson-Cook strength model and the equation of state can be done by comparing the VISAR signal only.
The input data for the numerical simulations are given in Table 6 . To represent the high hardness of the steel projectile, an elastic strength model was chosen. The shock equation of state for the C45-steel was taken from [29] . The linear relationship
was determined from Planar-Plate-Impact tests. Table 6 .
Material model used in the numerical simulations.
Depending upon the impact velocity, considerable plastic deformation and failure can occur in such experiments, which exhibit multiaxial stress states with strain rates exceeding 10 5 s -1 and strains in excess of 2. An evaluation of the model and data can be made by comparing the computed results with data from cylinder impact tests [15] . The parameters presented in Table 5 and Table 6 are used as input data for the numerical simulations. As mentioned before, the final length of the specimen was used to calibrate the failure strain with a constant value of 120 %. Nevertheless, the elastic-plastic behaviour which is shown in the velocity-time plot can be used for the validation of the Johnson-Cook strength model and the equation of state. A view of the cross section of the geometric simulation model along the axis of symmetry is presented in Fig. 13 . The free-surface velocity-time profile is recorded at the reference point at the target (rod) rear surface. m a n u s c r i p t 
Reference point for v-t data
A c c e p t e d m a n u s c r i p t
Summary and Conclusions
A tungsten-sintered alloy has been characterised over a wide range of strain rates following a methodology developed in Refs. [2, 6, 26] for steel. The systematic combination of standard measurement techniques (tensile tests) with dynamic material tests (modified Taylor-Impact tests with VISAR technique and Planar-Plate-Impact tests with VISAR) made it possible to determine the strain rate dependency of the yield stress in a strain rate range over 10 orders of magnitude (5 x 10 -5 -2.7 x 10 5 s -1 ). The fit curve to these experimental yield stress-strain rate data shows a consistent logarithmic slope over the whole strain rate range where no steeper increase at higher strain rates could be observed for the WSA. Therefore, two conclusions can be drawn: 1) In contrast to other metals as presented e.g. in Krüger et al. [35] for Ti or Rohr et. al. for steel [2] , no change in the microstructural rate controlling mechanism at high strain rates appears for the WSA.
2) The JC strength model is an appropriate choice for the numerical modelling of the material. This has been validated by numerical simulations of the modified Taylor-Impact tests. m a n u s c r i p t
